Background: We examined the distribution of CD8+ T cells and regulatory T cells (Tregs), measured the CD8+ T cell/Tregs ratio, investigated the relationship between Tregs and cyclooxygenase-2 (COX-2) expression during colorectal cancer (CRC) development. Methods: We performed immunohistochemical staining for CD8, forkhead box P3, E-cadherin, and COX-2 in 32 cases of invasive CRC, 10 cases of intramucosal CRC, 27 cases of high-grade tubular adenoma, 22 cases of low-grade tubular adenoma, and 32 cases of non-neoplastic conditions. Results: We observed a progressive increase in Tregs, and a decrease in CD8+ T cells and the CD8+ T cells/Tregs ratio during CRC development. The alterations were most severe in high-grade tubular adenoma and CRC. COX-2 expression was positively associated with Tregs infiltration. The degree of T cell infiltration differed among tumor compartment and the ratio in the tumor center was the lowest of all areas. The ratio and number of CD8+ T cells in the tumor center and the invasive front of invasive CRC were associated with gender, differentiation, node metastasis and tumor budding. Conclusions: Alteration in the distribution of both CD8+T cells and Tregs may contribute to the generation of an immune environment suitable for the development and progression of CRC.
Tumor cells can display immunogenic tumor-associated antigens (TAAs) that become targets for cellular immune responses. 1 Th2 immune responses are inefficient at protecting the host from malignancy, while Th1 immune reactions promote tumor immune responses as they activate and proliferate CD8+ T cells.
2 CD8+ T cells kill tumor cells by releasing toxic granules. 3 A high density distribution of CD8+ T cells has been found to be correlated with reduced tumor metastasis and favorable prognosis in colorectal cancer (CRC). 4, 5 In contrast, other previous studies have not observed these findings in CRC. 6, 7 Cancer cells also escape from the host immune system through a number of mechanisms. 8 Regulatory T cells (Tregs) are known to contribute to tumor immune evasion in a variety of cancers. 8 Tregs are suppressive CD4+CD25+ T cells that express the forkhead box P3 (FOXP3) transcription factor and inhibit activation of conventional T cells against self antigens, including TAAs, through direct cell-to-cell contact or the release of cytokines. 9, 10 The number of Tregs is increased in tumor tissues in CRC. [11] [12] [13] A high density of Tregs is associated with poor outcomes in most varieties of cancer; however, many publications have shown that a high frequency of tumor-infiltrating Tregs is correlated with a favorable prognosis in CRC. 6, 7, 14 Tumor-infiltrating Tregs in CRC reduce conventional T cell activation via the expression of cytotoxic T lymphocyte antigen-4. 13 Several publications have suggested that interactions among T cell subsets is an important factor that regulates the host-tumor reaction and is predictive of disease outcome in CRC. 12, 15, 16 Recently, the tumor-infiltrating CD8+ T cells/Tregs ratio was found to be associated with survival prognosis in CRC. 15 The aforementioned reports indicate that altered T cell composition in tissues of CRC will influence immune response against cancer cells. However, the distribution of CD8+ T cells and Tregs in the tumor compartment has not been fully investigated during CRC development. Prostaglandin E2 (PGE2) influences carcinogenesis via immunosuppression, inhibition of apoptosis, increase in the metastatic potential of epithelial cells, and promotion of angiogenesis. 17 In addition, PGE2 stimulates the development of Tregs. 18 Moreover, cyclooxygenase-2 (COX-2) expression has been found to be positively correlated with the number of intratumoral Tregs in lung cancer. 19 This study was conducted to examine the distribution of T cells expressing CD8 and FOXP3, measure the CD8+ T cell/Tregs ratio, investigate the relationship between Tregs and COX-2 expression during CRC development, and then compare these values to clinicopathological parameters in CRC.
MATERIALS AND METHODS

Patients and tissue samples
A total of 123 patients with non-neoplastic colonic disease (n=17), hyperplastic polyp (n=15), low-grade tubular adenoma (n=22), high-grade tubular adenoma (n=27), intramucosal CRC (n=10), and invasive CRC (n=32; 5 patients with T2 CRC and 27 patients with T3 CRC) treated at Dongguk University Gyeongju Hospital between 2009 and 2012 were enrolled in this study. Non-neoplastic colon tissues with only mild inflammation were selected in colonic tissues that were clinically suspected as infectious colitis and ischemic colitis. We selected patients whose paraffin-embedded tissues were relatively well preserved and whose medical records were complete. We excluded patients who had undergone preoperative chemotherapy and emergency surgery, as well as those who had been diagnosed with mucinous adenocarcinoma. The characteristics of the study subjects are summarized in Table 1 . Specimens were fixed in 10% formalin for 12-24 hours and then embedded in paraffin blocks. Tissue sections were sampled along the maximum tumor diameter and included the deepest site of cancer invasion.
Microscopic examination, immunohistochemistry, and assessment
Differentiation and depth of tumor and status of lymph node metastasis were assessed after reviewing each tumor slide. The TNM staging system was defined according to the American Joint Committee on Cancer. The presence of tumor budding was determined according to the criteria proposed by Ueno et al. 20 In invasive CRC, tumor budding foci were examined in tissue sections that had been immunohistochemically stained using anti-E-cadherin antibody, and the number of tumor buds (NTB) was determined in a field in which budding intensity was considered maximal under high-power magnification. To identify the relationship between NTB, the number of T cells expressing CD8 and FOXP3, and CD8+ T cells/Tregs in invasive CRC, our cases were divided into two categories according to NTB: low NTB (0-10) and high NTB (>10).
Tissue sections with a thickness of 4 μm were prepared and spread on poly-L-lysine-coated slides. The paraffin sections were then immersed in three changes of xylene and hydrated using a graded series of alcohol solutions. Antigen retrieval was performed routinely by immersing the sections in a 0.01 M citrate buffer (pH 6.0) in an autoclave for 15 minutes. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 15 minutes, after which the sections were incubated with primary antibody for two hours at room temperature. The primary antibodies included anti-E-cadherin (1:1,000, Transduction Laboratories, Lexington, KY, USA), anti-CD8 (1:250, Dako, Santa Barbara, CA, USA), anti-FOXP3 antibody (1:100, Abcam, Cambridge, UK) and anti-COX-2 (1:500, Cayman Chemical, Ann Arbor, MI, USA). Immunohistochemical staining was performed using an EnVision kit (Dako) and the color was developed using 3,3′-diaminobenzidine tetrahydrochloride (Zymed Laboratories, Inc., South San Francisco, CA, USA) as a chromogen. The sections were counterstained with Meyer's hematoxylin for three minutes and then mounted. The brown reactive end product stained the membrane for CD8 proteins and the nuclei for FOXP3. Mouse and rabbit IgG isotype were used as a negative control. Tonsil tissue was used as a positive control.
The immunoreactivity of CD8 and FOXP3 was evaluated in the tumor center, invasive front, boundary between the tumor and non-neoplastic mucosa, and adjacent non-neoplastic mucosa for invasive CRC, as well as in the tumor center and boundary for tubular adenomas. In the case of intramucosal CRC, we only counted T cells expressing CD8 and FOXP3 in the tumor center because they all occurred focally and were surrounded by adenomatous lesions. Immunostained cells were counted in five randomly selected high-power fields (HPFs) in the aforementioned areas, and 5 HPFs were averaged in each case. The CD8+ T cells/Tregs ratio was calculated based on the number of both T cells. The immunoreactivity for cytoplasmic COX-2 expression was evaluated by assessing the percentage of positive cells, and this was graded as negativity (0-5%) or positivity (>5%). 
Statistical analysis
Statistical analyses consisted of Kruskal-Wallis test (KW), Mann-Whitney (MW), t-test and Fisher's exact test. Statistical significance was assumed if p-value was <.05. Data were expressed as the mean±standard deviation.
RESULTS
The number of CD8+ T cells and Tregs, and CD8+ T cells/ Tregs ratio in the center and boundary of lesions during CRC development As shown Fig. 1 , the degree of CD8+ T cell infiltration progressively decreased, while that of Treg infiltration gradually increased during CRC development. The number of both T cells and the ratio were compared between adjacent non-neoplastic mucosa in invasive CRC and The number of CD8+ T cells and Tregs in neoplastic diseases is significantly different from that of nonneoplastic diseases (p < .001) and that of both T cell types in low-grade tubular adenoma is also significantly different from that in high-grade tubular adenoma and CRC (p < .001 for Tregs, p = .002 for CD8+ T cells). The ratio progressively decreases during CRC development (p < .001). It is significantly higher in non-neoplastic conditions than in neoplastic diseases and that of low-grade tubular adenoma is also significantly higher than that of other neoplastic diseases (p < .001). non-neoplastic colonic mucosa. In adjacent mucosa of invasive CRC, there were 24.0±11.4 CD8+ T cells and 11.8±5.6 Tregs, and 2.57±1.71 was the CD8+ T cells/Tregs ratio. Those of non-neoplastic colonic mucosa are described above. Adjacent mucosa of invasive CRC showed a higher number of Tregs and lower ratio than the non-neoplastic mucosa, however no significant difference was found.
The distribution of CD8+ T cells, Tregs, and CD8+ T cells/ Tregs ratio among tumor compartments in tubular adenoma and invasive CRC
The number of both types of T cells and the CD8+ T cells/ Tregs ratio in the tumor center and boundary are described above. As shown in Fig. 4A , low-grade tubular adenoma showed a higher number of CD8+ T cells in the boundary than in the tumor center (MW, p=.01) and high-grade tubular adenoma revealed higher number of both T cells in the boundary than in the tumor center (MW, p=.009 for Tregs, p<.001 for CD8+ T cells). As shown in Fig. 4B , the ratio was significantly lower in the tumor center than in the boundary for both tubular adenomas (MW; p=.017 for low-grade tubular adenoma, p=.003 for high-grade tubular adenoma).
In the case of invasive CRC, as shown in Fig. 4A , the number of CD8+ T cells was 9.6±7.8 in the tumor center, 37.6±21.3 in the invasive front, 32.8±12.8 in the boundary, and 24.0±11.4 in the adjacent non-neoplastic mucosa. The number was higher in both the invasive front and boundary than in other areas, while it was the lowest in the tumor center (KW and MW, Fig. 4 . Analysis of the distribution of the number of both T cells (A) and CD8+ T cells/regulatory T cells (Tregs) ratio (B) among tumor compartments of tubular adenomas and invasive colorectal cancer (CRC). Low-grade tubular adenoma shows a higher number of CD8+ T cells in the boundary than in the tumor center (p = .01), and high-grade tubular adenoma reveals a higher number of both T cells in the boundary than in the tumor center (p = .009 for Tregs, p < .001 for CD8+ T cells). In the case of invasive CRC, the number of CD8+ T cells is higher in both the invasive front and boundary than in other areas and lowest in the tumor center (p < .001). The number of Tregs is lowest in adjacent non-neoplastic mucosa, while other findings are similar to those for CD8+ T cell distribution (p < .001). The ratio in the tumor center is the lowest in both tubular adenomas and invasive CRC (p = .017 for low-grade tubular adenoma, p = .003 for high-grade tubular adenoma, p < .001 for invasive CRC). The number was the lowest in adjacent non-neoplastic mucosa, while other findings were similar to those for CD8+ T cells (KW and MW, p<.001). As shown in Fig. 4B , the ratio was 0.31± 0.20 in the tumor center, 0.77±0.46 in the invasive front, 0.77±0.46 in the boundary, and 2.57±1.71 in the adjacent non-neoplastic mucosa. The ratio was the lowest in the tumor center and the highest in the adjacent non-neoplastic mucosa (KW and MW, p<.001).
Relationship between COX-2 expression and the number of Tregs
As shown in test, p<.001). This finding was also observed when applied only to neoplastic diseases (t-test, p=.005).
Nnumber of CD8+ T cells and Tregs and CD8+ T cells/Tregs ratio among tumor compartments according to clinicopathological parameters in invasive CRC
As shown in Table 2 , female patients had higher numbers of CD8+ T cells in the invasive front (MW, p=.004) and higher CD8+ T cells/Tregs ratio in the tumor center (MW, p=.0048) and invasive front (MW, p<.001) than the male patients. Welldifferentiated invasive CRC showed higher numbers of CD8+ T cells than moderately and poorly differentiated ones in the invasive front (MW, p=.019). T2 CRC showed a higher number of CD8+ T cells (p=.011) and Tregs (MW, p=.035) than T3 CRC in the invasive front. Invasive CRC without nodal metastasis showed higher CD8+ T cells/Tregs ratios than those with nodal metastasis in the tumor center (MW, p=.025). Invasive CRC with low NTB showed higher numbers of CD8+ T cells than those with high NTB in the invasive front (MW, p= .034).
DISCUSSION
Cancer immunoediting is a dynamic process between the immune system and tumor cells that is composed of three phases: elimination, equilibrium and escape. 8 Elimination represents successful immunologic elimination of tumor cells through the immunosurveillance network. Equilibrium is the period of immune-mediated latency after incomplete tumor destruction in the elimination phase, resulting in the survival of less immunogenic tumor cells. The escape phase is the period during which less immunogenic tumor cells become a clinical detectable tumor mass through immune evasion. Tregs are known to contribute to tumor immune evasion in a variety of cancers. 8 Treg cells have also been shown to induce the apoptosis of effector T cells including CD8+ T cells through perforin, FasL, and granzyme B.
21 It thus appears that the reciprocal correlation between the number of CD8+ T cells and number of Tregs during CRC development in the current study may have been caused by the cytotoxic effect of Tregs against CD8+ T cells. It is known that PGE2 shows immunosuppressive effects on T cells through different mechanisms, including the induction and expansion of Tregs. 18, 22 The current study showed that COX-2 expression was observed in stromal cells and was higher in high-grade tubular adenoma and CRC than in low-grade tubular adenoma. In addition, the present study also showed a positive association between COX-2 expression and the number of Tregs. This finding is in agreement with findings of previous studies. 19, 23 In the present study, the alteration of Tregs, CD8+ T cells and CD8+ T cells/Tregs ratio in neoplastic diseases was significantly different from that of non-neoplastic conditions. In addition, the number of different immune cells in low-grade tubular adenoma were significantly different from those of high-grade tubular adenoma and CRC. Based on the finding that Tregs play an important role in immune evasion in a variety of cancers, the current results suggest that the tumor immune evasion phase begins in low-grade tubular adenoma and worsens in high-grade tubular adenoma and CRC. Furthermore, the surrounding non-neoplastic mucosa in invasive CRC showed a higher number of Tregs and lower CD8+ T cells/ Tregs ratio than in non-neoplastic colon. It appears that that the less immunogenic tumor cells are likely to survive in adjacent mucosa in CRC. Taken together, these findings indicate that tumor cells may acquire the ability to circumvent recognition from the immune system by governing the distribution of CD8+ T cells and Tregs during CRC development.
We examined the distribution of both T cells and the ratio of the T cells types to analyze T cell functional disposition in the tumor compartment of tubular adenoma and invasive CRC. The results of our study suggest that both high-grade tubular adenoma and invasive CRC show a similar immune environment. This can be explained by the following findings: 1) the ratio was less than 1 throughout the tumor area for both tumors; however, the ratio was greater than 1 in low-grade tubular adenoma; 2) there was no significant difference in the number of either type of T cells and the ratio at the tumor center and the boundary between both tumors; 3) the number of both T cell types and the ratio in the boundary were higher than those in the tumor center in both tumors; however, low-grade tubular adenoma did not have these characteristics. The current study showed that the degree of T cell infiltration differed among tumor compartments and that the ratio in the tumor center was the lowest. This finding suggests that an immune environment differs among tumor compartments and that the degree of immune evasion is most severe in the tumor center. The tumor microenvironment such as cytokines and an interconnection among a variety of cells may be related to this finding; however, this was beyond the scope of our study and further study is necessary to address the role of tumor microenvironment.
The current results show that the number of CD8+ T cells in the invasive front is negatively correlated with tumor depth and tumor budding, and that the number in the tumor center was also negatively associated with tumor budding. Tumor-infiltrating lymphocytes in the invasive front have previously been reported to be associated with the absence of tumor budding in CRC. 24 Furthermore, the results of that study suggested that peritumoral lymphocytes in the invasive front can cause apoptotic destruction of budding tumor cells. Recently, a high CD8+ T cell/bud index was found to be correlated with favorable clinicopathologic features such as early T stage and absence of vascular invasion. 25 In the current study, CD8+ T cells infiltrated more frequently in well-differentiated tumors in the invasive front than in that of other tumors. It has been suggested that the degree of tumor differentiation is dependent on the distribution of immune molecules and correlated with cell-mediated immune responses. 26 Specifically, a higher number of CD8+ T cells was observed in well-differentiated squamous cell carcinoma of the head and neck in comparison to poorly differentiated carcinoma. In contrast, CD8+ T cells infiltration in CRC was more prominent in moderately and poorly differentiated adenocarcinoma. 12, 27 Further studies are needed to evaluate the role of CD8+ T cells in tumor differentiation. Assuming that Tregs infiltration reduces anti-tumor immunity and thus survival, it is interesting that Tregs more frequently infiltrated T2 CRC than T3 CRC in the present study. A previous publication reported that Tregs infiltration at the primary tumor site increases during the early stages of CRC and decreases in advanced diseases. 11 Furthermore, many publications have shown that a high frequency of tumor-infiltrating Tregs is correlated with favorable prognosis in patients with CRC. 6, 7, 14 These findings can be explained by the capacity of Tregs to suppress tumor-promoting inflammatory immune response generated by the septic environment in the colon and notably promoted by Th17 cells. 14, 16 A high tumor infiltrating CD8+ T cells/Tregs ratio was found to be associated with a lower clinical stage and longer survival. 15 This is in accordance with our finding that a higher CD8+ T cells/Tregs ratio in the tumor center is negatively associated with node metastasis. Overall, the CD8+ T cells/Tregs ratio and the number of CD8+ T cells in the tumor center and invasive front are associated with the progression of CRC.
In summary, we observed a progressive increase in Tregs and decrease in CD8+ T cells and CD8+ T cells/Tregs ratio during CRC development. The alterations were the most severe in high-grade tubular adenoma and CRC. In addition, COX-2 expression was positively associated with Tregs infiltration. The degree of T cell infiltration differed among tumor compartments and the ratio in the tumor center was the lowest. The ratio and number of CD8+ T cells in the tumor center and inva-sive front of invasive CRC were associated with clinicopathological parameters such as gender, tumor differentiation, node metastasis, and tumor budding.
